A cDNA for fascin, an actin-bundling protein in echinoderms, has been cloned, sequenced, and expressed. The predicted mass of the protein is -55 kDa, similar to that observed for fascin purified from sea urchin eggs. Bacteriafly expressed fascin reacts with antibodies prepared against sea urchin egg fascin. Fascin has a strong sequence similarity to the singed gene (sn) product in Drosophila and has similarities with a 55-kDa human actin-bundling protein. No extensive similarities were found with other known actin-binding/bundling proteins, indicating that this is a separate gene family.
Fascin was one of the first molecules identified in cytoplasmic actin gels induced to form in low Ca2+ extracts of eggs from the sea urchin Tripneustes gratilla by years ago (1, 2) and it was the first actin-bundling protein to be characterized extensively (see ref. 3 for review). Fascin crosslinks actin filaments into bundles in vitro. Reconstituted actin-fascin bundles show a characteristic 11-nm periodic striping pattern (2, 4) that can also be identified in actin bundles in situ (5, 6). Optical diffraction and image reconstruction studies (7) (8) (9) , coupled with the determination of the actin-fascin stoichiometry in bundles, indicate that there is one fascin molecule per filament crosslink (4). This suggests that each fascin molecule must contain two actin filament binding sites. Early functional studies demonstrated the importance of fascin in the organization of F-actin into egg microvillar cores, which form shortly after fertilization (10). In phagocytic coelomocytes from echinoderms, fascin has been shown to be involved in the reorganization of actin filaments into bundles that form the cores of filopodia, which develop as part of the host defense mechanism (11, 12) . Later studies have localized fascin in the actin bundles of starfish oocyte spikes (13) and starfish sperm acrosomes (14) .
Here, we report the sequence of a sea urchin (Strongylocentrotus purpuratus) fascin cDNA.T The protein sequence shows that the fascins are a separate family of actin-binding proteins, which includes the Drosophila singed (sn) gene product (15) and a group of =55-kDa actin-bundling proteins in mammalian cells (16, 17) . These proteins are not normally believed to be localized in classical microvilli and may represent an unusual filament organizing principle. No extensive similarities were found with other known actinbinding/bundling proteins (18) .
MATERIALS AND METHODS Protein Purification. S. purpuratus fascin was purified from egg extracts prepared essentially as described by Kane (1, 2) with the following modifications. The isotonic glycerol buffer (0.9 M glycerol/5 mM EDTA/0.1 M Pipes, pH 7.15) used to
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homogenize the eggs contained 1 mM dithiothreitol, 10 ug of leupeptin per ml, 10 ,g of aprotinin per ml, 10 ,ug of pepstatin A per ml, 1 mM Na-p-tosyl-L-arginine methyl ester, 1 mM phenylmethylsulfonyl fluoride, 40 ug of soybean trypsin inhibitor per ml, 10 pg of L-1-tosylamido-2-phenylethyl chloromethyl ketone per ml, and 10 mM benzamidine. The extract was centrifuged at 30,000 x g for 45 min to remove large particulates. The supernatant was removed and recentrifuged at 100,000 x g for 75 min. The supernatant of the second spin was carefully removed to avoid floating lipid contamination and was dialyzed overnight against two changes, 20-40 vol per change, of dialysis buffer (5 mM Pipes/0.1 mM EGTA/0.1 mM ATP, pH 7.0) containing the protease inhibitors aprotinin, leupeptin, pepstatin A, all at 2.5 pg/ml. After dialysis, the egg extract was centrifuged at 30 ,000 x g for 30 min. The supernatant was adjusted to final concentrations of0.1 M KCl/1 mM EGTA/2 mM ATP/1 mM MgCl2/20 mM Hepes, pH 7.4, plus the protease inhibitors used for the initial homogenization. Phalloidin was added to the extract to a final concentration of 5 ,ug/ml from a 1-mg/ml stock in methanol, and the extract was incubated for 1 hr at room temperature and then overnight at 4°C. An actin-based precipitate forms that contains many actin-associated proteins including fascin, myosin, and a-actinin along with many unknown proteins. The precipitate was collected by centrifugation at 30,000 x g for 30 min, washed with the solution described above, and solubilized by Dounce homogenization in high salt (1 M KCl) in column buffer (10 mM Pipes/0.1 mM EGTA/5 mM 2-mercaptoethanol, pH 7.2, plus protease inhibitors). After 30 min to 1 hr, the solution was centrifuged for 2 hr at 100,000 x g to remove F-actin. The supernatant was dialyzed overnight against 0.5 M KCl and then centrifuged for 2 hr at 100,000 x g to remove residual F-actin. The supernatant from this centrifugation was dialyzed against two changes (1000 x vol) of column buffer. Before application to a DEAE anion-exchange column (DE52; Whatman), the solution was centrifuged at 30,000 x g for 30 min to remove a precipitate that forms during dialysis to low ionic strength. The column was eluted with a gradient of 0-0.5 M NaCl in column buffer. Fascin elutes between 50 and 80 mM NaCl without obvious contamination by other proteins.
Peptide Sequencing. The N-terminal amino acid sequence was obtained from fascin blotted onto poly(vinylidene difluoride) membranes (19) . Internal peptide sequences were obtained by following the procedure described by Aebersold (20) . Fascin blotted onto nitrocellulose membranes was digested with trypsin or Achromobacter protease I. The peptides were eluted from the membrane and separated by reverse-phase HPLC. Sequences were obtained by gas-phase sequencing using an ABI model 475 or Porton 2090E instrutTo whom reprint requests should be addressed.
IThe sequence reported in this paper has been deposited in the GenBank data base (accession no. L12047). ment equipped with on-line identification of phenylthiohydantoin-derivatized amino acids.
Cloning and Sequencing of S. purpuratus Fascin. A cDNA clone, pFAS4, was isolated from a S. purpuratus larval stage A ZAP cDNA library prepared by Stratagene. Approximately 106 recombinant phage were screened with a degenerate oligonucleotide, 5'-ATGAA(C/T)(C/T)T(A/C/G/T)AA(A/ G)TA(C/T)AA(A/G)TT-3'. Ten candidate clones were isolated and the Bluescript plasmids were excised according to the manufacturer's (Stratagene) instructions and partially sequenced by using T3 and T7 primers. pFAS4 was chosen because the translated peptide matched that obtained by protein sequencing. After restriction mapping, fragments were subcloned into M13 and sequenced by the dideoxynucleotide chain-termination method using either M13 or synthetic oligonucleotide primers and Sequenase version II (United States Biochemical).
Expression of S. purpuratus Fascin in Escherichia coli. pFAS-T7 was constructed by engineering an Nde I site at the ATG start codon using a PCR primer, 5'-AACATATTTC-CATATGCCTGCATG-3', with the three mutant nucleotides marked in boldface. This primer was paired with a second primer, 5'-TCGAGCTGCTCTCTTCTTGC-3', beginning 4 nucleotides downstream of an internal BamHI site at position 211 in the sequence shown in Fig. 1 . The PCR product generated by using 1 ng of pFAS4 plasmid DNA and Taq polymerase under conditions specified by the manufacturer (Cetus) was digested with Nde I and BamHI. The resulting 130-nucleotide fiagment was subcloned into pAED4, a T7-based expression vector (a gift from D. S. Doering, Whitehead Institute for Biomedical Research), which had been digested with Nde I and BamHI. A transformant was selected on ampicillin and used to prepare plasmid DNA. The construction was verified by plasmid sequencing and then digested with EcoRI and blunt ended by using the Klenow fragment ofDNA polymerase. This DNA was redigested with BamHI, purified on a low melting point agarose gel, and ligated to the remainder offascin cDNA prepared as follows: pFAS4 plasmid DNA was digested with Xho I, blunt ended with the Klenow fragment of DNA polymerase, and then redigested with BamHI. The resulting 2150-nucleotide fragment was gel purified on low melting point agarose and used as indicated above. The resulting plasmid, pFAS-T7, was transformed into E. coli strain BL21(DE3) (21) carrying the T7 RNA polymerase gene under control of the lac promoter and selected on ampicillin. Transformants were tested for expression by adding isopropyl ,B-D-thiogalactopyranoside to 1.0 mM to cells with an approximate optical density of 1.0, growing the cells for 3 hr at 37(C, and then harvesting the cells by centrifugation and solubilizing in SDS sample buffer (22) . After SDS/PAGE (22) , the gel was semidry electroblotted onto nitrocellulose. The blot was incubated with antibodies to sea urchin fascin, followed by peroxidase-labeled protein A. Chloronaphthol and H202 were used as substrates for the peroxidase. The antibodies are polyclonal and monospecific and have been extensively characterized as described (11). The antibodies have been used to localize and quantitate echinoid fascin in both sea urchin eggs and coelomocytes (10-12).
RESULTS
Fascin purified from the eggs of S. purpuratus was functionally equivalent to that previously characterized from T. ACTTGAAAGTGGATAAAATCGACT Fig. 1 . The open reading frame encodes a protein of Mr 54,952, in agreement with earlier mass estimates for fascin (2, 3). The calculated isoelectric point is =5.5; secondary structure algorithms and dot plots indicate no particular structural features or repeated regions. The estimated a-helix and 3-sheet contents are both s40%. The estimated extinction coefficient, 2M8Onm, is 62,390.
Expression of the cDNA in E. coli using a T7 promoter generated a 55-kDa protein that reacted with antibodies prepared against egg fascin from T. gratilla (Fig. 2) . Additional studies have shown that the expressed material is largely insoluble using this expression vector under a variety of different growth conditions and temperatures.
A data base search for genes and proteins having similarities to the fascin sequence produced only two known actinbinding proteins, ABP280 (23) and hisactophilin (24) . These similarities are weak and, in the case of ABP280, outside the actin-binding domain. No similarity was found to other known actin-binding proteins or to three known actinbundling proteins: fimbrin (25) , villin (26, 27) , and a 30-kDa protein from Dictyostelium (28) . The search did identify a significant similarity to the singed gene product from Drosophila (15) as shown in Fig. 3 (Fig. 3) ; these sequences show identity with echinoid fascin and the predicted Drosophila singed gene product. This protein is localized to microspikes and stress fibers of vertebrate cells in tissue culture (17). Resource no. S15691) and three peptide fragments from a 55-kDa HeLa cell actin-bundling protein kindly supplied by Fumio Matsumura (Rutgers University). Sequences were aligned by using the PIMA (pattern-induced multiple alignment) program of Smith and Smith (29) . Vertical bar indicates identity in all aligned sequences; colon indicates a match between two family members. Numbering is given for both fascin and singed sequences.
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DISCUSSION
We have cloned and sequenced a cDNA encoding a 496-amino acid protein with the expected molecular mass and properties of sea urchin fascin. The predicted sequence agrees with three peptide fragments obtained by peptide sequencing and the protein expressed in E. coli crossreacts with anti-fascin antibodies. To date, the insolubility of the expressed protein has prevented a direct functional test of actin-bundling activity. The fascin sequence is unrelated to two major families of actin-bundling proteins that include (i) fimbrin, a-actinin, and the 30-kDa protein from Dictyostelium and (ii) the family that includes ABP50/EF-la from Dictyostelium (18) . This plus the observation that echinoid fascin, the Drosophila singed gene product, and a 55-kDa HeLa cell protein that bundles F-actin share similar peptide sequences strongly suggests that these proteins are members of a unique family of actin-crosslinking proteins. Recent work on the sequence of mouse fascin confirms the homology with the mammalian 55-kDa protein and indicates an overall identity of -35% between echinoid and mouse fascins. We propose that the family name be "fascin" because all the proteins, including the Drosophila singed gene product, as outlined below, tightly bundle actin into linear arrays or fascicles.
The singed (sn) gene of Drosophila melanogaster has been shown to have a role in the development of both somatic and germ cells. The sn gene (1-21.0) is located on the X chromosome at band 7D1-2 (30) and has been isolated by chromosomal jumping and characterized extensively (15). The most extreme alleles are female sterile with short, deformed, and gnarled bristles (both macrochaetae and microchaetae); less extreme forms are fertile with wavy bristles (31) . Several alleles, including sn3, are known that have an extreme bristle phenotype but are fertile; these are believed to be transcriptional regulatory mutants (15). Relatively little work has been published on bristle ultrastructure. Bristle development involves four cells: a trichogen, which elongates the bristle; a tormogen, which forms the socket for the bristle; a sensory cell; and a neurilemma cell (32) . An early electron microscopic examination of developing bristles shows a bundle of microtubules in the trichogen in the center of the bristle shaft (33) . In addition, there are multiple (>6) fiber bundles, immediately under the plasma membrane, arranged around the microtubules and extending the length of the bristle shaft. These fiber bundles are roughly circular and although the micrographs were taken and published before the realization that actin fiaments were widely distributed, their morphology is consistent with them being bundles of actin filaments. In addition, we have used rhodamine phalloidin to verify that the fiber bundles contain filamentous actin (J.W. and J.O., unpublished data). These bundles occupy -20% of the crosssectional area of a bristle shaft. The available micrographs are not of the highest resolution, but a periodic striping of 11 nm is discernible in the bristle fiber bundles (see inset in figure 13 in ref. 33 ). This periodicity is the same as that seen in the actin bundles in sea urchin egg microvilli (7) and coelomocyte filopodia (12). In the bristles of sn3 flies, the fiber bundles are highly disorganized and reduced to twisted bands of filaments. Overton (33) has estimated that these disorganized bundles occupy -5% of the bristle crosssectional area. The results indicate that the sn gene product is the insect homologue of echinoderm fascin and suggest that it functions to organize actin filaments in the developing bristle, presumably to serve a structural role during cuticle deposition. The absence of insect fascin, or its mutation, results in the failure to form fiber bundles.
The role of insect fascin in Drosophila oocyte development is unclear. To our knowledge, there are no microvilli present in Drosophila oocytes. Fibrous bundles, sometimes referred to as composed of microfilaments and/or microtubules, have been described but their function is uncertain (see, for example, figure 16 in ref. 34) . Recent work on the chickadee gene, which encodes profilin, a low molecular weight actinbinding protein, suggests a role for the sn gene product in nurse cell function. Chickadee mutant cell egg chambers exhibit incomplete transfer of nurse cell cytoplasm to the developing oocyte and the nurse cells lack the actin filaments that form a cytoplasmic network (36) . A similar phenotype, failure of cytoplasm transfer, has been described for the singed mutant sn36a by Gutzeit and Straub (37) , suggesting that fascin is involved in the organization of this network. This suggestion is reinforced by the development of microfilament bundles, radiating from nurse cell plasma membranes and terminating at or near the nuclear envelope (38) , that could function to hold the nucleus in place while the surrounding cytoplasm is transferred to the oocyte. Fascin might function to stabilize these bundles or participate in the formation of the ring canals between nurse cells and the oocyte as recently described for the kelch gene product (35) . Fibrous elements (20-nm rods) have been described in ring canals, but their origin and composition are unknown (discussed in ref. 34) .
The sequence data and functional evidence strongly support the idea that the 55-kDa protein described by Yamashiro-Matsumura and Matsumura (16) is the mammalian homologue of fascin. This conclusion is further supported by the recent cloning of both human and mouse fascins. The physical characteristics of this protein are similar to fascin and the singed gene product, but our efforts to demonstrate antigenic crossreactivity have been unsuccessful. We note also that the bundles generated by the HeLa cell protein show neither the degree of order nor the characteristic striped periodicity of actin-fascin bundles indicating the evolutionary divergence of the family. The function of fascin in mammalian cells is poorly understood, but the functional studies in sea urchins suggest that it may play a role in the organization of a class of actin bundles and microvilli or cellular projections that differ from those defined by villin and fimbrin.
